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The late phase of adenovirus infection is characterized not only by the synthesis of late proteins and the assembly of new
virions, but also by the inhibition of early gene expression and host cell translation. Previous work has demonstrated that both
of these inhibitory effects depend upon expression from the major late transcription unit (MLTU), controlled by the major late
promoter (MLP). Furthermore, the repression of early gene expression has been shown to be mediated in trans, suggesting
a role for one or more MLTU-encoded soluble factor(s). A possible candidate for such a factor is the L4-encoded 33K gene
product, a protein conserved throughout the Mastadenoviridae, but of no known function. To test the role of this protein in
viral infection, a stop codon was placed at the 20th position of the 33K ORF. Viable virus with genomes containing the
mutation were recovered in an overlap recombination assay. Phenotypic analysis revealed that the mutant virus had a
significant deficiency in both kinetics of replication and final yield, as compared to the wild-type virus. Detailed analysis of
infected cells showed that there was no detectable change in the regulation of expression of several early genes and the pIX
gene. This suggests either that 33K is not involved in this late phase phenomenon or that this function is replaceable by
another late protein(s). Late protein synthesis and accumulation were similar to those in wild-type-infected cells. However,
the reduced yield of infectious mutant virus could be accounted for by a marked deficiency in the accumulation of
intermediate particles and completed capsids, suggesting a role for 33K in the process of assembly. In addition there was
a small but reproducible deficiency in the shutoff of host cell translation. These results show that the 33K protein plays an
important, although apparently not essential, function in the late phase of virus infection. © 1999 Academic Press
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aINTRODUCTION
The late phase of adenovirus infection, defined by the
nset of viral DNA replication, is characterized by at least
hree major events: the establishment of the late tran-
cription program and a contingent reduction in early
ene expression, the inhibition of host cell cap-depen-
ent translation, and the commencement of virion as-
embly. All of these events are dependent upon the
xpression of the major late transcription unit (MLTU),
hich is controlled by the major late promoter (MLP).
hus it has been known for many years that late tran-
cription is dependent on the initiation of DNA replica-
ion (Thomas and Mathews, 1980), and references
herein), and we have demonstrated previously a trans-
cting, MLP-dependent, mechanism of repression of
everal early viral genes and the pIX gene (Fessler and
oung, 1998). Zhang et al. (1994) have demonstrated that
major late-encoded adenovirus factor(s) is required for
he shutoff of host cell cap-dependent translation. The
ssembly of viral capsids involves both structural and
onstructural proteins, all of which, with the exception of
rotein IX, are encoded in the MLTU (reviewed in Phil-
pson, 1984).
1 To whom reprint requests should be addressed at Department of
icrobiology, Columbia University, HHSC 1308, 701 W. 168th St., Newaork, NY 10032. Fax: (212) 305-1468. E-mail: csyl@columbia.edu.
507In examining the repression of early gene expression
uring the late phase of adenovirus infection, we showed
hat viruses defective for MLP activity overexpressed
arly genes E1A, E1B, E2 and the late gene IX (Fessler
nd Young, 1998). By coinfecting cells with both MLP
utant and MLP wild-type viruses, it was found that
hese genes were no longer overexpressed (Fessler and
oung, 1998), suggesting that an MLP-dependent trans-
cting mechanism was responsible for the repression of
hese genes late in infection. Possible MLP-dependent
rans-mediated mechanisms of repression of these
enes include one in which a repressor encoded within
he MLTU acts to down-regulate early gene and late
ene IX expression. The work described in this report
as undertaken to see if the putative late repressor
ould be identified and specifically to see if it corre-
ponded to the L4 33K protein, of hitherto unknown
unction.
At the outset, it seemed reasonable to suggest that the
onstructural late genes might be involved in the repres-
ion of early genes late in infection. The known nonstruc-
ural proteins are the L1 52/55K, L4 100K, and L4 33K
pecies. Previous work has shown that the former two
roteins are involved in adenovirus assembly (Hasson et
l., 1989, 1992; Oosterom-Dragon and Ginsberg, 1981;
epko and Sharp, 1982) and that the L4 100K protein is
lso involved in the translation of late mRNAs (Hayes et
l., 1990). At the beginning of this study, the function of
0042-6822/99 $30.00
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508 FESSLER AND YOUNGhe 33K gene was unknown, but aspects of its structure
nd expression had been examined. It is expressed at
he earliest stages of the late phase of infection, is
hosphorylated, and is located predominantly in the nu-
leus (Gambke and Deppert, 1981; Oosterom-Dragon
nd Anderson, 1983). The primary sequence of 230
mino acids predicts a molecular weight of 33 kDa, but
he mature protein has a relative mobility on an SDS–
olyacrylamide gel suggesting a molecular weight of 39
Da. In addition to the potential phosphorylation sites,
he protein has a potential glycosylation site in the C-
erminal region (Cauthen and Spindler, 1996). Its nuclear
ocalization and phosphorylation are properties consis-
ent with those of other regulatory factors, and therefore
t seemed a possible candidate for a MLTU-encoded
rans-repressor.
To test the function of 33K, it was decided to create a
irus with a mutation creating a stop codon early in the
pen reading frame, using standard methods of mu-
agenesis and genome reconstruction. Although it was
ossible that this strategy would create a viral genome
ith a lethal phenotype, viable virus was obtained. Anal-
sis of the phenotype of the virus showed that the rep-
ication cycle is delayed compared with that of the wild
ype and the final yield is depressed. Further analysis
howed that this defect was accompanied by a reduction
n the formation of viral capsid intermediates and a minor
ut reproducible deficiency in the late phase shutoff of
ost cell protein synthesis. The reduction in early gene
xpression at late times was indistinguishable from that
xhibited by the wild type, suggesting that the deficient
henotype can be explained solely by the deficiency in
ssembly. These results illustrate once more the impor-
ance of accessory proteins to the assembly of adenovi-
uses in which at least three nonstructural proteins,
amely, L1 52/55K, L4 100K, and L4 33K, are critical to
his process.
RESULTS
utagenesis of the 33K gene
Because the function of the 33K gene was unknown at
he beginning of this work, it was decided to use the
ost stringent functional genetic test, namely, the cre-
tion of a virus with a null mutation. Although this strat-
gy runs the risk of being uninformative if the mutation is
ethal, methods for virus reconstruction were already
vailable and a rapid answer to the question of lethality
ould be obtained. The strategy for mutagenesis is illus-
rated in Fig. 1. The carboxy terminus of the open reading
rame of L4 100K overlaps the amino terminus of that of
he L4 33K gene. The overlapping sequences do not
llow the mutation of the 33K translation start site to a
top codon, without altering the 100K ORF, but it is
ossible to change the tryptophan codon UGG at posi-ion 20 to an amber stop codon and still maintain the wrimary sequence of L4 100K (Fig. 1B). This mutagenesis
s expected to result in a functionally null allele of the 33K
rotein, as the residual open reading frame is reduced to
8% of its original size. Furthermore, the conserved
equences among adenoviruses from different species
Cauthen and Spindler, 1996) are located beyond the
oint of truncation, suggesting that functional domains
ould not be retained in the 19-amino-acid residual ORF.
ccordingly, nt 26,253 was changed from G to A, using
13-based mutagenesis methods, as described under
aterials and Methods (Fig. 2A). Following confirmation
f the G to A change, the mutation was transferred into
iral reconstruction plasmid pPF446, in two steps. The
esulting plasmid, pPF446-33K.1, then was transfected
nto human A549 cells in combination with EcoRI-
leaved DNA–protein complex (DNA-PC) from virus LLX1
Brunet et al., 1987). A similar transfection was also set
p with the wild-type pPF446 plasmid. Overlap recombi-
ation between the plasmid and the cleaved DNA-PC
as expected to yield infectious virus genomes in both
ransfections, provided the mutation in the 33K gene was
ot lethal. Plaques were obtained from both transfec-
ions at approximately equal efficiency, and the viruses
ithin several samples were amplified in another cycle
f replication. Following isolation of intracellular viral
NA by a modification of the Hirt technique, the virus
enomes were shown to be of the expected recombinant
tructure and, in the case of the 33K plasmid transfec-
ion, to contain the desired mutation, as determined by
equencing of subcloned fragments. The new viruses
FIG. 1. Mutagenesis strategy for the L4 33K gene. (A) Map of the
pen reading frames in the L4 region. The positions of the 33K trans-
ation start site, the amber mutation made at amino acid position 20, the
ranslation stop site of the 100K gene, and the translation start site of
he pVIII gene are indicated. Numbering is based on the serotype 5
equence (Chroboczek et al., 1992). (B) Truncation of the 33K gene
oes not affect the 100K coding sequence. The tryptophan residue at
mino acid position 20 was changed to an amber stop codon, without
hanging the leucine residue of the 100K gene.ere designated v33K.1 and LLX-Ad5.
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509ADENOVIRUS L4 33K MUTANT33K.1 has a viral replication defect
The growth kinetics of v33K.1 and wild-type virus
LP-WT were determined by infecting human A549 cells
n monolayer culture and assaying the yield of virus at
ntervals (Fig. 3A). A significant growth defect was ob-
erved for v33K.1, with a 20-fold reduction in replication
0 h p.i., during the exponential accumulation phase of
nfection, and a 5-fold reduction in the final yield. To test
he reproducibility of the growth defect, final yields of five
arallel infections with v33K.1 and with the isogenic wild-
FIG. 2. Transfer of the 33K mutation into the viral genome. (A) The 3
ethods, resulting in M13mp18-33K.1. The mutant-containing BstXI–Hin
esulting in p33K.1. The SnaBI–SpeI fragment (bp 25,171–27,082) of
ecombination vector pPF446-33K.1 (B) Overlap recombination strateg
otransfected with LLX1 DNA–protein complex that had been digested
utation and the restriction site differences between Ad5 and LLX1
otransfecting the EcoRI-digested DNA–protein complex of LLX1 withype virus LLX-Ad5 were compared (Fig. 3B). The mutant lhowed a reduction of approximately 6.7-fold in final titer.
ogether these data suggest that virus lacking 33K ex-
ression has a diminished ability to replicate.
s the deficient phenotype of v33K.1 caused by an
lteration in the down-regulation of early gene
xpression normally observed at late times?
The rationale behind mutagenizing the 33K gene was
hat it might play a role in the trans-acting down-regula-
ion of early and pIX genes at late times. RNA accumu-
tation was made in M13mp18-33K, as described under Materials and
ment (bp 26,031–26,328) was cloned into the same sites in pE2L/33K,
smid was cloned into the same sites in pPF446, resulting in the
to transfer this mutation into the viral genome. pPF446-33K.1 was
oRI, as described under Materials and Methods. The positions of the
dicated. The phenotypic wild-type virus LLX-Ad5 was generated by
d-type plasmid pPF446.3K mu
dIII frag
this pla
y used
with Ec
are ination and protein synthesis were measured in cells
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510 FESSLER AND YOUNGnfected with either the 33K mutant virus (v33K.1) or the
orresponding wild type, LLX-Ad5. As an example, the
ccumulations of E1B and IX mRNA in mutant and wild-
ype infections were compared using Northern blot anal-
sis. In the experiment illustrated in Fig. 4, no difference
n accumulation of mRNA species in mutant- or wild-
ype-infected cells was observed, after correction for
mounts of RNA loaded, as measured by hybridization
ith a GAPDH control. If the 33K gene were to be es-
ential for the repression of these and other genes, then
FIG. 3. (A) Viral replication kinetics of v33K.1 and MLP-WT viruses. A
f 10 fluorescent focus units (FFU) per cell. At the indicated times posti
nd thawing. Virus was titrated by fluorescent focus assay and the titer
n parallel with v33K.1 or LLX-Ad5 at an m.o.i. of 5 and harvested after
how the average FFU per cell for each virus, and the bars represent
FIG. 4. RNA accumulation in cells infected with v33K.1 and LLX-Ad5.
549 cells were infected at an m.o.i. of 10, and at 12 or 18 h p.i., total
NA from cells infected with either v33K.1 or LLX-Ad5 (WT) was har-
ested and analyzed by Northern blot hybridization. The random-
rimed double-stranded DNA probe used corresponds to bp 3288–s788 (E1B, IX).1B and IX mRNA would accumulate to higher levels in
he v33K.1-infected cells compared with those infected
y the wild type. From the absence of such an increase,
t can be concluded that the 33K gene is not individually
esponsible for the repression of E1B and IX at late times
n infection, although the results do not rule out the
ossibility that another adenovirus late protein is capa-
le of performing this function in the absence of 33K. As
further step in the analysis of the late phase phenotype,
rotein synthesis in cells infected with either v33K.1 or
LX-Ad5 was compared (Fig. 5). Infected cell proteins
ere labeled for 1 h at the indicated times postinfection,
nd extracts were resolved by SDS–PAGE and analyzed
y autoradiography. The results show that the synthesis
f the major late viral proteins hexon, 100K, penton base,
nd fiber, and the E2A single-stranded DNA binding
rotein (DBP) were unaffected. Two conclusions can be
rawn from these observations. First, the deficiency in
eplication exhibited by v33K.1 cannot be attributed to
ny deficiency in synthesis of late proteins. This is in
greement with the observation that late mRNA synthe-
is is unaffected (data not shown). Second, the synthesis
f DBP is indistinguishable between the two sets of
nfected cells. Because a marked increase in synthesis
f DBP is a hallmark of viruses with deficient transcrip-
ion from the MLP, and this is down-regulated in trans by
coinfecting wild type (Fessler and Young, 1998), it is
nlikely that the normal down-regulation is mediated
lls were infected in parallel with either v33K.1 or MLP-WT at an m.o.i.
n, cells were harvested, and virus was released from cells by freezing
presented as FFU per cell. (B) Five plates of A549 cells were infected
dividual yields were titrated by fluorescent focus assay. The columns
ndard deviation.549 ce
nfectio
s are re
49 h. Inolely by the 33K protein.
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511ADENOVIRUS L4 33K MUTANThe late phase phenotype of v33K.1-infected cells
Close inspection of the autoradiograph from which
ig. 5A is reproduced reveals that two species of protein
resent in the wild-type-infected cells are absent in cells
nfected by v33K.1. One species corresponds to that re-
orted for the 33K protein (39K), and it is to be expected
hat v33K.1-infected cells should lack this polypeptide.
he other species has a mobility of approximately 20K
nd this might correspond to the protein predicted to be
ranslated from an unspliced message derived from the
4 33K region (Davison et al., 1993).
A final point suggested by the results of the two sep-
rate experiments shown in Figs. 5A and 5B is that
ellular protein synthesis in v33K.1-infected cells is not
educed to the same extent as in those infected by
LX-Ad5. In the experiment shown in Fig. 5B, cells in-
ected by the indicated viruses were labeled for 1 h at 24
nd 48 h postinfection and then harvested and analyzed
s before. At 48 h p.i., the synthesis of host cell proteins
as reduced to undetectable levels in wild-type-infected
ells and only fivefold in v33K.1-infected cells. These
FIG. 5. Late protein synthesis in v33K.1 and LLX-Ad5-infected cells.
ells infected with v33K.1 or LLX-Ad5 (WT) at an m.o.i. of 10 were
abeled with 100 mCi of [35S]methionine for 1 h. Cell extracts were
arvested at the times indicated, separated by SDS–PAGE, and pre-
ared for autoradiography. UIC, uninfected control. A and B are from
wo separate experiments.esults suggest that the 33K gene is involved in the thutoff of host cell protein synthesis. Although the differ-
nce is slight, it is reproducible and has been observed
y others (Robert Schneider, personal communication).
his observation will be considered further under Dis-
ussion.
The results of mRNA and protein analyses (Figs. 4 and
and data not shown) show that it is unlikely that the
eficiency in viral replication can be attributed to any
hange in the normal course of late phase biosynthesis.
o rule out the possibility that there is any deficiency in
iral DNA accumulation, which was already made un-
ikely by the observation of the normal accumulation of
ate mRNAs and proteins, cells were infected with either
33K.1 or LLX-Ad5 and intracellular DNA was isolated at
ntervals. Samples were analyzed by Southern hybridiza-
ion and no significant differences between the two sets
f infected cells were observed (Fig. 6). Taken together
ith the previous results, it can be concluded that all
hose aspects of late phase synthesis that have been
xamined proceed normally in mutant-infected cells.
apsid assembly is deficient in v33K.1-infected cells
The marked deficiency in viral replication (Fig. 3) is not
eflected in any major change in either early or late gene
xpression. The one minor change, namely, a reduction
n the inhibition of host cell protein synthesis at late
imes in the mutant-infected cells, is unlikely to be the
ause of reduction in infectious virus accumulation.
owever, a deficiency in assembly in the v33K.1-infected
ells would explain such a reduction. The next step
herefore was to examine viral capsid formation using
uoyant density separation on CsCl gradients. Infected
ells were incubated with 3H-labeled methionine from 20
o 24 h p.i., and whole cell extracts were resolved on
reformed gradients. Resolution of the wild-type-infected
ell extract demonstrated two peaks of labeled particles,
hose buoyant densities of 1.30 and 1.34 g/cc are con-
istent with empty and/or intermediate particles and ma-
FIG. 6. Viral DNA accumulation in v33K.1- and LLX-Ad5 infected cells.
ells were infected at an m.o.i. of 10 and intracellular DNA was isolated
t intervals by a modified Hirt technique. DNA was immobilized on a
enescreen Plus membrane using a slot-blot apparatus, followed by
outhern hybridization using a labeled probe corresponding to bp 917o 1342 of E1A.
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512 FESSLER AND YOUNGure and/or young virions, respectively. Resolution of
33K.1-infected cell extracts (Fig. 7B) demonstrated a
ignificant reduction in the sizes of both peaks, with a
reater relative reduction in the size of the full particle
eak. Integration of the values of the radioactive counts
howed that the ratio in the peaks corresponding to the
utative full and intermediate particles was 2.5:1 for
LX-Ad5 and only 0.39 for v33K.1. These results suggest
hat the 33K gene is involved in the assembly of viral
articles. An alternative explanation for the relative loss
f complete particles, namely, that those made in a
33K.1 infection are less stable in CsCl gradients than
hose from a wild-type infection, was not borne out. In a
FIG. 7. Analysis of assembly intermediate formation in v33K.1- and
LX-Ad5-infected cells. Cells were infected in parallel with v33K.1 and
LX-Ad5 at an m.o.i. of 10. At 20 h p.i., cells were incubated with 200
Ci of [3H]methionine in methionine-depleted medium. At 24 h p.i., cells
ere harvested, and extracts were resolved on preformed CsCl gradi-
nts ranging in density from 1.5 to 1.2 g/cc. Fractions of approximately
.35 ml were collected from the bottom of each gradient, and radiation
ontent was determined. The values for the peaks were determined as
escribed under Materials and Methods. LLX-Ad5 “full” peak (fractions
–13): 17,800 cpm; and “intermediate” peak (fractions 16 and 17): 7123
pm; v33K.1 “full” peak (fractions 8–12): 2104 cpm; and “intermediate”
eak (fractions 13–16): 5357 cpm.eparate experiment, the yields of virus from A549 cells dnfected for 50 h were measured both before and after
urification. In this experiment, the ratio of infectivity of
LX-Ad5 to v33K.1 was 4.8 in the unpurified samples and
.1 in the CsCl-purified samples. These ratios do not
upport the idea that the purification process itself leads
o a loss of infectious particles in the mutant-infected
amples, but do not rule out the possibility that v33K.1
articles are intrinsically more unstable under all condi-
ions of harvest, including those used to prepare crude
ysates. To test one aspect of virion lability, CsCl-purified
amples of v33K.1 and LLX-Ad5 were incubated at 45°C,
liquots were removed at 10-min intervals up to 40 min,
nd the residual infectivities were measured. The inac-
ivation curves for the two samples were superimpos-
ble (data not shown). Taken together with the previous
esults, this suggests that the v33K.1 infectious particles
re not intrinsically more labile than those of the wild
ype.
DISCUSSION
Although previous work had shown that the adenovi-
us L4 33K protein was a phosphoprotein expressed
arly in the late phase and that it accumulated in the
ucleus (Gambke and Deppert, 1981), its physiological
ole was unclear at the beginning of this investigation,
nd a homology search revealed no obvious motifs.
ecause we had obtained evidence earlier that a late
hase product of the MLTU acted in trans to down-
egulate early gene and pIX gene expression at the
ranscriptional level (Fessler and Young, 1998), and be-
ause ts mutations in other nonstructural polypepetides
ad shown no adverse effects on transcription at the
onpermissive temperature (unpublished results), we hy-
othesized that the 33K gene might encode such a re-
ressor product. This was tested by constructing a virus
ith a severely truncated allele of the L4 33K gene.
ontrary to the hypothesis, the resulting virus, desig-
ated v33K.1, demonstrated no change in the expression
f viral genes late in infection. Thus there is no decrease
n the accumulation of late gene products (Fig. 5) or of
iral DNA (Fig. 6), nor is there an abnormal increase in
xpression of early and pIX genes (Fig. 4). These results
mply either that the 33K protein is not involved in late
hase gene regulation or that other late products can
ubstitute for its function. Functional redundancy is a
ommon theme in adenovirus gene regulation at all lev-
ls, as for example in the number and diversity of gene
roducts involved in the control of apoptosis (for a re-
iew, see White, 1993).
Instead of an alteration to late phase regulation, cells
nfected with the v33K.1 mutant show a pronounced de-
iciency in viral accumulation as measured in a one-step
eplication assay (Fig. 3), and this deficiency can be
irectly attributed to an assembly defect. CsCl buoyant
ensity gradient analysis (Fig. 7) showed that there is a
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513ADENOVIRUS L4 33K MUTANTarked reduction in a species whose density is consis-
ent with that of full particles (Philipson, 1984). The cause
f this reduction is at present unknown, but it is consis-
ent with a direct role of the 33K protein in assembly. The
ata presented in Fig. 7 do not establish the position(s)
n the assembly pathway at which 33K protein could act,
lthough the reversal in the ratios of putative full and
mpty particles from 2.5:1 in the wild type to 0.39:1 in the
utant suggests that processing of intermediates is one
f the steps at which the protein could act. However, a
ore detailed kinetic analysis would have to be con-
ucted to establish this unequivocally. It is important to
mphasize that we have not ruled out the possibility that
ntermediates form in the mutant-infected cells at levels
lose to or greater than those in the wild type, but that
hey are unstable under the conditions of the extraction
nd centrifugation employed. However, such instability is
ot likely to apply to the full mutant particles. CsCl puri-
ication does not lead to any loss of infectious particles,
s the relative titers of stocks of wild-type virus and
33K.1 are similar before and after purification. A poten-
ial role of the 33K protein in virion assembly may be one
imilar to that proposed for the L1 52/55K protein,
amely, that it acts as a scaffolding protein associated
ith empty capsids and light viral intermediate particles,
oth of which have a buoyant density of ;1.30 g/cc. The
2/55K protein has been shown to be associated with
hese particles, as have several polypeptides of uniden-
ified origin (Hasson et al., 1992). One of these has a Mr
f approximately 40 kDa, a size consistent with its being
he L4 33K protein.
During infection with v33K.1, there is a small but repro-
ucible deficiency in the shutoff of host cell protein
ynthesis (Fig. 5), which occurs very late in the infection
ycle (Huang and Schneider, 1991). It has been demon-
trated previously that this shutoff involves the hypo-
hosphorylation of eIF-4E, a member of the m7-G cap-
inding complex (Huang and Schneider, 1991). The pos-
ible involvement of the 33K gene product in the shutoff
f host cell protein synthesis is intriguing in the light of
wo previous findings. First, the shutoff is known to in-
olve a factor(s) encoded by the MLTU (Zhang et al.,
994). Second, when eIF-4E is immunoprecipitated, two
ther factors, synthesized during the late phase of ade-
ovirus infection, are present in the precipitate (Robert
chneider, personal communication), one of which has
n approximate molecular weight of 40 kDa.
Sequence comparisons suggest that the 33K gene is
onserved among the Mastadenoviridae (Cauthen and
pindler, 1996) and, by implication, that it plays an im-
ortant role in the viral life cycle. Thus, initially it was
urprising that a severely disruptive mutation could be
ecovered in virus. However, it is clear from the pheno-
ypic analysis that its role in assembly is important,
lthough not essential. In this context, it is significant thatemperature-sensitive mutations have been obtained in (he genes for the other two nonstructural proteins known
o be involved in assembly, namely, the L1 52/55K (Has-
on et al., 1989) and L4 100K proteins (Oosterom-Dragon
nd Ginsberg, 1981; Hayes et al., 1990). Given the rela-
ively small effects on the replicative cycle of the 33K null
utation, it is unlikely that temperature-sensitive muta-
ions would have been isolated in the screens for such
utants. Nevertheless, although the magnitude of the
efect in assembly is small in a one-step cycle, on an
volutionary time scale a 5- to 10-fold enhancement in
roduction is likely to present a significant selective
dvantage. This observation may also apply to the mod-
st effects on host cell translation shutoff, especially if
hese play a significant role in those types of cells ade-
ovirus infects in the natural host.
MATERIALS AND METHODS
ell culture and viral infection
All analyses were conducted with monolayer cultures
f A549 human lung carcinoma cells (Giard et al., 1973).
ells were grown in DME with 10% Supplemental calf
erum (HyClone, Logan, UT) and antibiotics as described
reviously (Volkert and Young, 1983). Cells to be infected
ere plated in culture dishes 1 or 2 days prior to the
ddition of virus and were used when the monolayers
ere confluent. Most infections were conducted with
leared lysate stocks of virus, at an m.o.i. of 10. After
dsorption, the monolayers were overlaid with infecting
luid (Lawrence and Ginsberg, 1967) and incubated at
7°C for various lengths of time.
abeling of infected cell proteins
Cell monolayers in 35-mm dishes were infected and
fter various incubation periods, the original medium
as removed and replaced with methionine-free medium
Gibco) and then incubated further for 1 h. Following
epletion of the intracellular methionine pools, the me-
ium was replaced with fresh methionine-free medium
ontaining 10–100 mCi of a mixture of [35S]methionine
nd [35S]cysteine (Dupont NEN Express). After a 1-h
ncubation, cells were washed once with 2.5 ml of PBS
nd then resuspended in a further 1 ml. Samples were
nalyzed by SDS–PAGE and autoradiography as de-
cribed below.
DS–PAGE
SDS–acrylamide gels for protein electrophoresis were
ormed using premade Protogel solutions (National Di-
gnostics, Atlanta, GA). The separating gel contained a
2% solution of acrylamide:bisacrylamide at a ratio of
7.5:1. Protein samples were mixed with an equal amount
f 23 loading buffer (1.51% Tris; 20% glycerol; 4% SDS;
0% 2-mercaptoethanol; and 0.002% bromophenol blue
BPB)) and boiled for 2 min before loading. Electrophore-
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514 FESSLER AND YOUNGis was performed for approximately 3 h, until the BPB
ye front reached the bottom of the separating gel. Gels
ere then stained for 30 min in Coomassie brilliant blue
0.25% in fixing solution; 40% methanol, 7% glacial acetic
cid) and destained for at least 2 h in fixing solution. Gels
sed for the resolution of radiolabeled proteins were
ried using a gel drier prior to exposure to autoradiog-
aphy film (Fuji-RX).
orthern blot analysis
Total cell RNA was isolated using the RNA STAT-60
rotocol (Tel-Test “B,” Inc., Friendswood, TX). Methods for
orthern blot analysis have been described previously
Fessler and Young, 1998). Briefly, total infected cell RNA
5 mg) was denatured at 55°C for 15 min in denaturation
olution, and RNA loading buffer and 1 ml of ethidium
romide were added to each sample prior to electro-
horesis. Samples were loaded onto a formaldehyde–
garose gel and electrophoresis was performed for ap-
roximately 3 h (30 mA, 80 V). Gels were washed for 15
in in deionized H2O and equilibrated for 45 min in 103
SC. RNA was transferred via capillary action overnight
o a Genescreen Plus (Dupont NEN) filter in 103 SSC.
ilters were UV-crosslinked to immobilize transferred
ucleic acids. Filters were blocked in hybridization solu-
ion and samples were then hybridized overnight at 42°C
o a probe prepared by random priming of the indicated
el-purified restriction fragment. Filters were then
ashed twice at 25°C in 23 SSC, once at 42°C in 0.13
SC/0.5% SDS, and once at 42°C in 0.13 SSC. Filters
ere exposed and analyzed by autoradiography and
uantitated using a PhosphorImager.
ite-directed mutagenesis of the 33K gene
The first step in the mutagenesis was the construction
f a modified M13mp18 vector (Yanisch-Perron et al.,
985) containing a BstXI site in which the SphI to EcoRI
egion in the polylinker was replaced with the following
equence: 59 GAATTCCCGGGTACCACATTCTTGCTAGC
9. This replacement sequence was constructed by hy-
ridizing together the following oligonucleotides prior to
igation: 59 AATTCCCGGGTACCACATTCTTG 39; 39
GGCCCATGGTGTAAGAACCTAG 59.
Next, the fragment from the BstXI site at Ad5 bp 26,031
o the HindIII site at 26,328 was cloned into the same
ites in M13mp18-BstXI, resulting in M13mp18-33K. Mu-
agenesis was performed on single-stranded, uracil-sub-
tituted, DNA by the techniques of Kunkel (1985), with an
ligonucleotide containing the desired mutation in the
3K gene: 59-CCCACGGACGAGGAGGAATACTAGGA-
AGTCAGGC-39. The adenosine residue in bold re-
laces the wild-type guanine at bp 26,253.
DNA from phage isolated from individual plaques was
equenced using the dideoxy method (Sanger et al.,
977), and correctly mutated sequences were identified. rll oligonucleotides were purchased from the DNA facil-
ty, Comprehensive Cancer Center, Columbia University
New York, NY).
onstruction of mutation replacement vectors
In order to construct viruses containing the 33K gene
utation by an overlap recombination strategy (de-
cribed below) the mutated DNA fragment contained
ithin the M13mp18 clone was transferred in two stages
nto the replacement vector pPF446 (courtesy of Paul
reimuth), a plasmid containing Ad5 sequences from the
amHI site at bp 21,562 to the righthand end of the virus
enome. The first step in the cloning involved an inter-
ediate plasmid, pE2L-33K, which contains the BamHI–
coRI fragment of Ad5 (bp 21,562–27,331) cloned in a
odified form of pUC18. The 33K mutation-containing
stXI to HindIII fragment was transferred from M13mp18-
3K.1 to pE2L-33K, resulting in the formation of plasmid
33K.1. Next, the SnaBI–SpeI fragment of p33K.1 (bp
5,171 to 27,082) was cloned into the same sites in
PF446, resulting in the replacement vector pPF446-
3K.1 (Fig. 2A).
onstruction of recombinant viruses by overlap
ecombination
The 33K.1 mutation, or the wild-type sequence, was
ntroduced into the viral genome by a standard overlap
ecombination procedure as previously described (Volk-
rt and Young, 1983). Briefly, pPF446, or the mutant de-
ivative pPF446.33K.1, was cotransfected with EcoRI-di-
ested DNA–terminal protein complex (DNA-PC) iso-
ated from the phenotypically wild-type virus LLX1
Brunet et al., 1987). Each 60-mm culture dish, containing
pproximately 5 3 106 A549 cells, was transfected with
00 ng of plasmid and 250 ng of digested DNA–protein
omplex. Recombination in the overlapping sequence
rom bp 21,562 to 27,331 will yield a full-length genome
Fig. 2B). The occurrence of recombination was deter-
ined by restriction enzyme analysis of viral genomes
sing EcoRI and XhoI, whose sites differ in LLX1 and
d5, the source of adenovirus sequence in pPF446. The
resence of the 33K mutation in the viral genome was
etermined by sequencing of subcloned fragments, per-
ormed by the DNA facility, Comprehensive Cancer Cen-
er, Columbia University (New York, NY). Mutant virus
as plaque-purified prior to further analysis.
iral replication
One-step replication cycles were measured using con-
luent 35-mm dishes of A549 cells as described above.
ndividual plates of cells infected in parallel with v33K.1
nd LLX-Ad5 or MLP-WT were harvested at intervals, and
he virus was liberated from the cells by freezing and
hawing. Titration was performed on A549 cells by fluo-
escent focus assay (Philipson, 1961).
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515ADENOVIRUS L4 33K MUTANTNA replication
Viral DNA was extracted from infected cells by a mod-
fication (Volkert and Young, 1983) of the Hirt technique
Hirt, 1967). DNA from approximately 1/20 of the harvest
as denatured in 0.1 N NaOH for 5 min at room temper-
ture and then transferred to a Genescreen Plus filter
Dupont NEN) using a slot blot apparatus. The filter was
locked for 1 h at 42°C in a solution containing 50%
ormamide; 43 Denhardt’s solution; 750 mM NaCl; 150
M Tris–HCl, pH 7.0; 18 mM NaH2PO4; 28 mM NaHPO4;
% SDS; 0.1 mg/ml salmon sperm DNA and then probed
vernight at 42°C with a portion of the E1A region of
denovirus (bp 917–1342), which had been labeled by
andom priming synthesis using [a-32P]dATP (800 mCi/
mol). The filter was washed twice in 23 SSC for 15 min
t room temperature, once in 0.13 SSC 0.5% SDS for 15
in at 42°C, and once in 0.13 SSC for 15 min at 42°C
rior to exposure to autoradiography film (Fuji RX).
sCl gradient analysis
A549 cells grown to confluency in 10-cm plates were
nfected with v33K.1 or LLX-Ad5 at an m.o.i. of 10. At 20 h
.i., cells were labeled for 4 h with 200 mCi of [3H]methi-
nine. At the end of the labeling period, infected cells
ere pelleted and resuspended in 5 ml of TNE (Tris 10
M, NaCl 150 mM, EDTA 1 mM, pH 7.9). Cells were
isrupted in 0.5% deoxycholate (DOC), and cellular DNA
as digested by adding DNase and MgCl2 at final con-
entrations of 20 mg/ml and 10 mM, respectively. After
entrifugation to remove cellular debris, the superna-
ants were extracted three times with an equivalent vol-
me of Freon (Fisher Scientific). Viral capsids, interme-
iates, and unassembled viral proteins were separated
n preformed CsCl gradients, ranging from 1.5 to 1.2 g/cc.
entrifugation was performed in a SW41 rotor at 22, 500
PM overnight at 42°C, and fractions were collected
rom the bottom of the gradient, using a peristaltic pump.
adioactivity was quantified using a scintillation counter,
nd buoyant densities were determined using a refrac-
ometer. To determine the relative sizes of peaks corre-
ponding to “full” and “intermediate” particles, the values
or fractions in each peak were added together and
orrected for the background, as measured from the
verage of the first seven fractions of each gradient.
In a separate experiment, A549 cells in a T175 flask
ere infected at a m.o.i. of 10 with either v33K.1 or
LX-Ad5 and incubated for 49 h, at which time all in-
ected cells were detached from the substrate. A 1.0-ml
ample of suspended cells was removed from each
nfected culture, frozen and thawed, and titrated by fluo-
escent focus assay. The remainder of the suspended
ells were processed for CsCl purification as described
bove for labeled virus. After centrifugation, the visible
iral band was collected and serially diluted in infecting
luid before titration by fluorescent focus assay. A samplef each purified preparation was also disrupted by addi-
ion of 8 M guanidine hydrochloride, and the DNA iso-
ated to measure A260.
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